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1 Introduction

Luminosity inthe LHC will depend critically on theaignment of thetriplet quadrupoles. These quadrupolesare closest
totheinteraction points(IPs), havelargegradientsand the 5 functionshavetheir largest val ueswithinthese quadrupol es.
Within atriplet, the cold masses of the Q1 and Q3 quadrupol eswill be housed in separate cryostats while Q2aand Q2b
will be placed in asinglecryostat. The absoluteaignmentsof Q1, Q3 and the Q2a/Q2b pair with respect to the desired
axes will be determined during installation. The relative aignment of Q2a and Q2b however will be fixed once they
are placed in their common cryostat at Fermilab. In this note, we examine the required relative alignment tolerances
of Q2aand Q2b. An early study of some alignment tol erances was done by Weisz [1].

1.1 Criteriafor estimating alignment tolerances

Themost important criterionisthat the misalignments shoul d not affect theluminosity significantly. Apertureand beam
stability also place constraintson the all owed misalignments. Below welistinmore detail some of the parameterswhich
must be kept nearly invariant.

e Minimal effect on luminosity

— Separation between the beams at the | Ps should be small.
— Changein * should be small.

— Dispersion at the IP should be small, both for maximum luminosity and avoiding synchro-betatron reso-
nances.

e Physica aperture must be preserved.
e Dynamic aperture must be preserved.

e L ong-range beam-beam interactions should not be enhanced so the separation between the beams should be pre-
served.

e Minima changesto thelinear optics - coupling, 5 beat, tune shift. The most important of theseis the coupling.

¢ Head-on beam-beam tune shifts should not increase, so there should be littlechange in the beam sizes at the I Ps.
For round beams, these tune shifts are independent of 5*. However misalignment errors may change the aspect
ratio in which case these tune shifts do depend on 5*.

The effect of a quadrupole misalignment depends on the degree of freedom that ismisaligned. Table 1 showsthe
effects of rigid modes of misalignmentsin the six degrees of freedom on the beam optics. Non-rigid modes such as
variationsinstraightnessor sag and twist can a so occur dueto constructionerrors. Thesecan be modelled aschangesin
therigid misalignment along thelength of amagnet. Experience with the model magnets built so far at Fermilab shows
that these non-rigid misalignmentsare very small [2]. The magnitude of theimpact depends on the betafunctionin the

Misalignment Effect on the optics
Transverse displacements Orbit shift
Tune shift (with nonlinear magnets)

Longitudinal displacement Tune shift, beta beat, dispersion beat

Pitch and Yaw Orbit shift
Tune shift (with nonlinear magnets)

Roll Enhanced coupling, orbit shift(with crossing angle)
Beta beat, dispersion beat

Table 1: Rigid misalignments of quadrupoles and their effects on the beam optics.

quadrupole. In this report we have used LHC lattice V5.1. The tablein Appendix A shows the beta functionsin the
two planes at various|ocations within the quadrupol es. These were calculated using MAD [3].



2 Transversedisplacement errors

If athin quadrupoleis displaced in one of the transverse planesby Az, (z = « or z = y), then particles experience a
kick in the same plane and the orbit error a s is
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Theinversefocal length of the displaced quadrupoleis1/F = B'L/(Bp) and 3. , isthe betafunction at the location
of the quadrupole. The phase advance from the high-beta quadrupoles to the nearest IP is very close to 90°. In the
middle of afocusing Q2b magnet, 3, , = 4567mwhile B’ /(Bp) = 0.858 x 1072 m~2, L = 5.5m. Hence the orbit
displacement at the I P per unit displacement of Q2b in thefocusing planeis

Zshift,IP
—— =1.13 2
e )
This agrees well with a MAD calculation which gives 1.10 for the same ratio. Thus a displacement of Q2b by 1mm
leads to an orbit shift of 1.10mm at the IP, which is very large when measured in units of the rms beam size at the IP.

2.1 Effect on theluminosity without error correction

The nominal luminosity for perfectly centered beams with
Y Gaussian density distributionsis

revMp N1 N R
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d frev 1S the revolution frequency, Mp is the number of

Y bunches, Ny, N, are the number of particles per bunch

in the two beams. Rx 4, the luminosity reduction fac-

X tor due to the crossing angle, is given by Rxa =

1/4/1+4 (¢pos/o1)?. In this expression, ¢ is hdf the

crossing angle, o, isthermslongitudinal bunch length and

o, isthermstransversebeam sizeinthe plane of thecross-

ing angle. If thereis an offset between the two beams of

(ds, dy) inthe horizontal and vertical planes, then the lu-
minosity dropsto
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Figure 1: Relative displacement between the beams : d2 | : d2
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The two beams will be kicked in opposite directions by the displacement of the quadrupole Az,. The orbit shift of

beam 2 at the IP due to adisplacement in Q2bisgivenby zepift 2(IP) = —+/B2.4.2/Bz.q12shift 1 (IP) = —0.7Az,,

where 3. , 2 is the beta function of beam 2 &t the location of Q2b. The offset between the beams &t the IPisd, =

ZS},,q;ft71(IP) + |ZS}”;ft72(IP)| = 183Azq

Assuming that the quadrupoleis displaced in asingle plane, the relative luminosity is

L 1 d? Az
= — S S [ —0.84 92
7o = eolg o7 = el 084 (5)
Requiring that the relative luminosity be greater than 0.98 implies
A% 16 (6)
Oz

Since the beam size at the IP is15.85m, the misalignment of the Q2b quadrupole must be lessthan 2.5um if no orbit
correction is donein order to limit the luminosity loss to less than 2%.
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Figure 2: Relative luminosity due to a horizontal misalignment (left) and vertical misalignment (right) of Q2b.
No orbit corrections.

Figure 2 shows the relative luminosity a both IP1 and IP5 as a function of the transverse misalignment of only
asingle Q2b in IR5. The relative luminosity was calculated using Equation (4) and the displacements d;, d,, a the
IPs were obtained with MAD. 3, in the displaced quadrupoleislarger than 3, so the horizontal luminosity fallsfaster
with increasing displacement. Thisfigure also shows that an uncorrected transverse misalignment of ~ 25y will be
sufficient to reduce the luminosity to nearly zero.

We have assumed above that the | P cannot be allowed
to shift longitudinally while preserving the luminosity. If a
. certain amount of longitudinal shiftisallowed, then asFig-

O”g”_]a] ure 3 shows, the beams do collide again at another point
TNl orbit _ - provided the quadrupole offset is in the crossing plane.
2 e Shifted The location of the new 1P is the solution of the equation
NI > orbit 20(8) + zsnift(s) = 01 where z isthe location of the
<> s Sa? - Z(D closed orbit without misalignments and z,; 7+ is the shift
T T
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~
~
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in the closed orbit given by Equation (1). Assuming that
the misalignment is small enough so that the shifted IP is

~

S in the drift space, the distance As of the new IP from the
.7 F As S old IPis given by the solution of the transcendental equa
T tion

Location of displaced quadrupole

+ A_SQ]
B*

where At is the phase advance from the displaced
quadrupol e to the new IP. This equation can be solved in
an iterative process to the desired accuracy. As afirst approximationwe can assume that the shifted |Pis close enough
totheold IP so that Ay = 7/2. Thefirst order solutionis

Az cos[AyY — 7y
As 4 —2 * e
PAs+ 18 sin Ty

2F =0

Bz

Figure 3: Longitudinal shift of the IP due to an orbit
shift in the crossing plane.
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This equation aso impliesthat thereis an upper bound to the quadrupol e displacement beyond which the beams do not

1Here we have assumed that the collision occurs at z = 0. If desired, this can be replaced by the more exact equation [2o (s) + Zshift(s)]1 =
[20(8) + zshift(s)]2 wherethe subscripts specify thetwo beams.



collide a a shifted I P. The maximum quadrupole displacement is

Agmas = £ L—]V/29(2F) ©
Z,q
Substituting the values for Q2b, i.e. F' = 21.19m, 3, , = 4567Tmand ¢ = 150 prad, the maximum displacement
which till givesacollision pointis
Azg maz (Q20) = £67 pm (20)

Thistolerance is somewhat more relaxed than that obtained above where the | P was not allowed to shift longitudinally.
For displacements Az, < Azq maz, Equation (8) can be used to estimate the longitudinal shift. For examplewith Az,
(Q2b)=10um, we find that the IP shiftsby As = 7.6cm. To improve on this estimate, the phase advance A1) from the
quadrupoleto this point can be cal culated, substituted into Equation (7) and the new value of As found. This can be
repeated until convergenceisachieved. Inany event, wefind that atransverse offset of 10pm shiftsthelPlongitudinally
by less than 10cm. The changein 3* at thislocation is between 1-2cm which is small compared to 5* = 50cm. The
rms bunch length is 7.7cm while constraints from the experimental detectors require that the longitudinal position of
the I P should shift by less than 5cm [4]. Hence auseful upper limit on the transverse misalignment of Q2b in the plane
of the crossing angleis about 7um.

If instead the quadrupol e offset isin a plane transverse to the crossing plane, then the orbitin that plane will return
to zero at alocation where the phase advance from the displaced quadrupole satisfies At = 7 + mv. However at this
location the beams will not collide as they will be offset in the crossing plane. Hence this criterion cannot be used to
relax the alignment tolerance a ong the direction orthogonal to the crossing plane.

Dispersion at the I P affects the luminosity by changing the beam size. A non-zero horizontal dispersion D,, results
in an effective horizontal rmsbeam sizeo, . ;5 = /02 + (D56)? where § isthe rms momentum deviation. Assuming
equal beam sizes for both beams, the luminosity with dispersion £(D,,) isrelated to the nominal luminosity as

Oy

L(Dy) = mﬁo (11)

With o, = 0.01585mm, § = 1.1 x 10—, demanding that the relative luminosity be greater than 0.98 implies
D, (TP) <29 mm (12)

2.2 Orbit Correction

We have seen that even tiny misalignments
lead to alarge drop in the luminosity so the
orbit shift due to the misalignment has to be
corrected. The orbit offset at the IP and the
closed orbit through this section of the IR
Beam 2 can be corrected with the available dipole
correctors. The crossing angles are gener-
ated with the help of two pairs of correc-
1=) tors, KX.Q5 and KX.Q4, one such pair act-

K5(1
K5§2; ing only on asingle beam. These kicks are
at about 95° from the IP in the LHC lattice
J/ version 5.1. There are also dipole windings

inthe MCBX corrector packages which can
be used to act on both beams at once.

In order to correct the orbit of both
beams in MAD, we create a crossing an-
glein both planes at the IP using the cross-
ing angledipolesK X.Q5 and KX.Q4 in both
planes. Due to the anti-symmetry of the op-
tics, the x, y orbits of a single beam can be
considered to represent the orbitsinasingle
plane of both beams [1].

held fixed

Figure 4: The desired closed orbit of both beams through the IR
with Q2b misaligned. Also shown are the dipole correctors which
can correct the orbit. In this paper only the correctors K2 and K3
(in the MCBX packages) and K4(1) and K4(2) are used to correct
for the misalignment.



When the quadrupoles are misaigned, we need to correct the position and slope a a given point for both beams
leading to 4 conditionswhich can be satisfied with the use of 4 correctors. The correctors KX.Q5 are already close to
their maximum strengths so instead we will use the correctors KX.Q4(1), KX.Q4(2) (to be labdlled K4(1), K4(2) in
the sequel) and the correctors labelled K2 and K3. A sketch of the closed orbit of the two beams and the correctors
isshown in Figure 4. It isworth noting that the orbit correction scheme used during operation of the LHC may differ
from this scheme but we use this method as a consistent way of estimating the alignment tol erances.

In Figure 5 we show three possi bleways the common cryostat can be aigned with respect to the common magnetic
center of Q1 and Q3 which are assumed to be aligned for this study. Figure 6 shows that if only quadrupole Q2b is
misaligned, then the maximum misalignment that can be corrected is about 0.55mm. At thisvalue, the strength of the
dipolecorrectorsin MCBX reach their maximum values. However in practice the maximum misalignment of Q2b that
can be corrected in this configuration is less since the other quadrupoles may also be misaligned. Assuming that the
errors of thefour quadrupol esin each triplet are uncorre ated, the misalignment tol eranceiscloser to 0.55/1/4=0.27mm.

The second case we studied was with Q2adeliberatel y misaligned to compensate the orbit shift dueto the misalign-
ment of Q2b. These two quadrupol es are powered with the same sign so if they are offset from the common magnetic
axisin oppositedirections, they will kick the beam in opposite directions and can therefore cancel each other out. The
required misalignment of Q2ais determined by the beta functions at the two quadrupoles. Upstream of the IR,

Aan Bﬁc 2b AyQa By 2b
= /222 _q 05, = |22 99 13
Abe Bﬁc,Qa Abe By,Qa ( )

where (Azq,, Axogp) are the horizontal misalignments of Q2aand Q2b respectively from the magnetic centers of the
other quadrupoles and the beta functionsare the valuesin the middl e of the quadrupoles. Downstream of the IP, these
ratios are interchanged due to the anti-symmetry of the optics. A study with MAD showed that the optimum settings
are very close to the above expected values. Figure 7 shows the corrector strengths as a function of the relative mis-
alignment (Azs, + Axop) between the two quadrupoles. It isclear that even up to misalignment of 1mm, the required
corrector strengthsarevery small. Figure8 showstheorbit throughthelR, first when only Q2bismisaligned by 0.5mm,
and second when both Q2b and Q2a are off-axiswith arelative misalignment between them of 1mm. The orbit in the
second caseisvirtually the same as without misalignments. At thelevel of linear optics, it isthereforeclear that relative
misalignments of at least 1mm can be easily compensated. Figure 9 shows that the orbit separation between the two
beams is also the same as without any misalignments. The long-range interactions are therefore not affected by this
misalignment.

2.3 Dynamic Aperture

An orbit shift makes the particlesgo off-axisthrough the non-linear magnets which leads to additional orbit errors, field
errors and tune shiftswhich can affect the dynamic aperture. With compensating misalignments of Q2a and Q2b, the
closed orbit will be further away from the magnetic center in one magnet but closer in the other magnet. Itis possible
therefore that the dynamic aperture may depend on the signs of these misalignments.

The sign of the relative offsets between a pair Q2a, Q2b in a common cryostat will only be known after they are
welded together. Considering both pairsin an IR, there are four possibilitiesfor these offsets. Figure 10 shows three
of these possibilities. In al cases, the closed orbit will be nearly exactly compensated. However the effects of the
nonlinear fields may be dightly different. In those cases where the particles stay closer to the magnetic axis of the
quadrupol e where the beta functions are larger (Q2b), the effects of the nonlinear fields should be smaller. Thus the
best setting for optimizing the dynamic aperture of a single beam would be one where it goes closer to the magnetic
center of Q2b both upstream and downstream and the worst setting would be where it is further off-axisin Q2b than
in Q2a both upstream and downstream. However both beams must be treated equally so the optimum offsets would
be where the incoming beam goes closer to the center of Q2b. Thisis simply because Q2b (and Q2a) are focusing
quadrupol es for the incoming beam and defocusing for the outgoing beam.

We have cal cul ated the dynamic aperture for the different misalignments shown in Figure 10 using MAD. Particles
are launched with initial amplitudesranging from 1o to 150 in stepsof 1o. They aretracked for 1024 turnsthrough the
lattice with chromaticity correcting sextupolesin thearcs, IR quadrupol e nonlinearitiesand appropriate misaignments
of the selected quadrupoles. Aperture restrictions of +30mm are placed in each quadrupole of thetriplet in both IR1
and IR5. The dynamic apertureis taken to be the largest amplitude which stays stable over the turns tracked. Thisis
repeated with three seeds for the random multipole errorsin the IR quadrupoles. In this section, only Q2aand Q2b on
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Figure5: Various alignment positions of the Q2a and Q2b quadrupoles relative to the Q1 and Q3 quadrupoles.
In the topmost figure, all quadrupoles are perfectly aligned. The following figures show two possibilities if
there is a fixed transverse offset between Q2a and Q2b. For the first misaligned case, the common cryostat
containing Q2a and Q2b is centered so that the magnetic center of Q2a is aligned on the common magnetic
centers of Q1 and Q3 while Q2b is misaligned. In the second misaligned case, the magnetic centers of both
Q2a and Q2b are offset from the common magnetic center. The cryostat is translated rigidly so that the
transverse distance between the magnetic centers of Q2a and Q2b is constant.
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Figure 6: Required corrector strengths as a function of the transverse misalignment when only Q2b is mis-
aligned. Left: Absolute strength of K4 vs displacement of Q2b. Right: Absolute strength of MCBX dipole lay-
ers vs displacement of Q2b. The strengths of K4 stay well below their maximum strength but the strengths
of K2 and K3 reach their upper limits at displacements of 0.55mm and 0.65mm respectively.
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Figure 7: Required corrector strengths as a function of the transverse misalignment when Q2a is appropri-
ately misaligned to correct for the misalignment of Q2b. Left: Absolute strength of K4 vs relative displace-
ment. Right: Absolute strength of MCBX dipole layers vs relative displacement. With this self compensation,
the correctors K2 and K3 stay at practically zero strength up to relative displacements of 1mm.
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Figure 8: Orbit through the IP with horizontal misalignments of Q2a, Q2b upstream of the IP and correction
with the dipole correctors in the IR upstream of the IP. Top: Only Q2b is displaced by 0.5mm. The beam is
centered at the IP but the orbit correction is not perfect. There is a small crossing angle in the vertical plane
and an orbit excursion of about 0.2mm in the downstream quadrupoles. Bottom: A relative misalignment
of 1mm between Q2a and Q2b. Both these magnets are misaligned with the common magnetic center to
provide compensating kicks. Here the orbit is virtually unchanged from the case without misalignments and
the orbit correctors are used only weakly.
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Figure9: Orbit separation between the beams in the crossing plane when Q2a and Q2b upstream ofthe IP are
both offset from the common axis with a relative misalignment between them of 1mm. The orbit separation
between the beams is nearly the same as without any misalignment.

both sides of IP5 are transversely misaligned with their separation fixed at 1mm. Figure 11 showsthat with arelative
misalignment of thismagnitude, the dynamic apertureisnot affected significantly for any of the different misalignment
Settings.

Table 2 shows the dynamic aperture averaged over al 16 angles in coordinate space and over the three seeds. It
is evident that there is no significant change in dynamic aperture with relative misalignments of 1mm for any of the
three offset settings shown in Figure 10. Thisistrue even for the theoretically worst case (iii) where the tracked beam
isfurther off axisin Q2b on both sides.

In the calculations of the dynamic aperture of beam 1, we have chosen the ratios of the offsets of Q2aand Q2b to
be determined by the beta functions of this beam. The beta functions of beam 2 are different from those of beam 1 at
any given location so the orbit of beam 2 will not be exactly compensated. In practice, the ratios of the offsets should
be determined so that the orbits of both beams are compensated with minimal use of the orbit correctors. This can be
done independent of the size of the relative misalignment between the two pairs of Q2a/Q2b quadrupoles, provided
it is of the order of amm or less. In a possible extreme scenario, one might imagine that there is an offset between
the quadrupol es say on the |eft but none on theright [5]. In this case, beam 1 benefits when Q2b on the left is moved
in the direction of the closed orbit of beam 1. One might specul ate that the dynamic aperture of beam 2 would suffer
because it sees worsefieldsin Q2b on theleft but not compensating better fieldsin Q2b on theright. However case (iv)
in Figure 11 shows that even when a beam sees larger nonlinear fields in Q2b on both sides, the dynamic apertureis
not affected. So the compensation of alarger nonlinearity in Q2b with asmaller nonlinearity in Q2a on one side of the
| P appears sufficient to preserve the dynamic aperture. The calculationsin thissection demonstrate that rel ative offsets
of up to Imm can be successfully compensated without much use of the correctors and with little or no impact on the
[uminosity or beam stability.

A remaining question isthat of a possibleimpact on the physica aperture [5]. Theresultsin Appendix B show that
again with ardative offset of 1mm, the maximum lossin physica apertureis0.4c which isless than the 1o loss that
is considered tolerable[1].

10



OPTIMUM OFFSET SETTINGS FOR BEAM 1

M agnetic Center Closed Orhi Magnetic Center
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Figure 10: The signs of the alignments of Q2a and Q2b can be chosen to minimize the impact on either one
beam or both beams. In order to minimize the impact of the alignment error on a given beam, the magnetic
center of Q2b (where the beam is bigger) can be moved in the direction of the closed orbit of this beam.
This is shown in the top part of the figure. However it would be more desirable to minimize the impact of the
misalignments on both beams. This would require that Q2b be moved in the direction of the closed orbit of
the incoming beam as shown in the middle sketch. The bottom sketch shows the worst settings for beam 1
where Q2b is moved away from the closed orbit on both sides. Note that the closed orbits shown here are
only schematic and in fact are not symmetric about the IP. Since the signs of the offsets between Q2 and
Q2b, once enclosed in the common cryostat, may be random, the optimum offset positioning may be used
as a criterion for sorting these quadrupoles.
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Figure1l: Dynamic aperture when the relative transverse misalignment between Q2a and Q2b is 1mm. Both
pairs of quadrupoles, upstream and downstream of the IP, are misaligned. The four cases shown correspond
to: (i) no misalignments, (ii) the sign of the misalignments are chosen to reduce the closed orbit offsets for
the beam that is tracked, (iii) misalignments are chosen to be neutral for both beams, (iv) misalignments are
chosen to increase the closed orbit offsets for the beam that is tracked. In each case, the dynamic aperture
is averaged over three seeds. This figure shows that in all cases, the relative misalignment of 1mm does
not affect the dynamic aperture significantly.

Relative offset: Az [mm] | Average Dynamic aperture (DA) + o(pa
None 112+ 18
1.0, case (1) 111+ 18
1.0, case (2) 11.2+ 1.8
1.0, cae (3) 111+ 18

Table 2: The average dynamic aperture calculated over 3 random seeds and 16 angles in coordinate space
with and without transverse misalignments. The cases correspond to the three possible misalignment set-
tings shown from top to bottom in Figure 10.
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3 Longitudinal displacement errors
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Figure 13: Relative luminosity due to a longitudinal
misalignment of Q2b. No orbit corrections. With dis-
placements up to 5mm, the loss of luminosity is less
than 1%.

A longitudinal displacement of a quadrupole leads in ef-
fect to agradient error at the locations shown as A and B
inFigure12. Gradient errorslead totune shifts, 5 beatsand
dispersion beats. In addition, when the closed orbit is off-
axisthroughthe quadrupol eduetothe crossing angle, there
areaso dipoleerrorsleading to closed orbit shiftsand con-
sequent lossin luminosity. The magnitudes of these shifts
depend on the differences of the beta functionsat the ends
of the quadrupole.

Figure 13 shows that longitudina displacements of
Q2b by less than 5mm reduce the luminosity by less
than 1%. This tolerance on the longitudina placement is
achievable.

The longitudinal displacement error has other effects
mentioned above. We find [6] that the tune shifts, max-
imum beta beat and maximum dispersion beat due to a
longitudinal error of a triplet quadrupole (over the length
of which the phase advance remains nearly constant) are
given by

Av = (53 - BA)B As (14)
(Bp)
AB B 1 B'As
(7)max = m(ﬁ BA) ( ) (15)
Bmaac B AS
ADpaz S sy (VBeDp — v/ ﬁADA
(16)

Table 3 showsthe changes in these quantitiesdueto amis-
alignment error of 1mm in each of thetriplet quadrupoles.
These changes are negligibly small, and in fact can be eas-
ily corrected with usual linear correctionsif desired, so we
concludethat longitudinal displacement errorsof Immwill
have littleimpact on the beam.

Quadrupole (Ayac; Ayy) [(Aﬁx/ﬁx)max; (Aﬁy/ﬁy)maac] ADg maq [MM]
o1 (0.14E-06, 0.83E-06) (0.95E-06, 0.57E-05) 0.25
Q2a (0.87E-07, 0.97E-06) (0.58E-06, 0.67E-05) 0.30
Q2% | (0.68E-06, -0.53E-06) (0.46E-05, -0.37E-05) 0.38
Q3 (0.77E-06, -0.55E-06) (0.52E-05, -0.38E-05) 16

Table 3: Changes in the tunes, beta functions and horizontal dispersion due to a longitudinal displacement

error of 1mm in each of the triplet quadrupoles.

13



4 Rotational misalignments

Suppose a quadrupole is rotated about the = axis in the

y (y, s) planeby asmall angle Ad,,. Weassume for now that

the quadrupole is rotated about its longitudinal center as

shown in Figure 14. Due to the rotational misalignment,

/\ a particle on the closed orhit is offset from the magnetic

20 center of the quadrupole by an amount Ay ~ sAg, for

)7y Af, < 1, s isthelongitudinal distance from the longitu-

s dina center of the quadrupole. If B’ isthe gradient in the
quadrupole, thefield along the z axis is changed to

B, = B'(y + Ay) ~ B'y + B'sAf, a7)

A dipolefield is created with a sign depending on the sign
of theoffset of theparticleorbit from themagnetic center of
the quadrupole. Thisleadstoaclosed orbit shiftinthever-
tical plane and will aso lead to a change in the tune when
nonlinear el ements are present. The phase advance along
the length of atriplet quadrupole changes very little so the closed orbit distortion at any pointintheringis

/ L/
y(s) = YD) By (s) @ [ C B ) (18)

2sinmy, (Bp) L2

Figure 14: Quadrupole rotated about a transverse
axis at its longitudinal center.

where L isthetotal length of the quadrupole and 1, (@) isthe phase advance at the location of the quadrupole. If 3,
were symmetric about thelongitudinal center of the quadrupol e, then the effects of the dipolar kickswoul d be cancelled
between the two halves of the quadrupole and there would be no closed orbit shift. Thisis not the case for the beta
functions within the triplets as can be seen in Figure A.1 in Appendix A. The IP is a a phase advance of 7/2 from
nearly each of thetriplet quadrupoles so the orbit shift at the IPis

* /Ae L/2 * A9 L/2
yrp = \/FB / \/6y(3/)3/d5/:\§§ 7 / \/ By (s")s'ds’ (19)

L/2 L/2

If the quadrupolewereto berotated at adistance d fromitslongitudinal center, the above expression would be replaced

by
A L/2
e = L0 A0y | NS — s (20)
This orbit shift at the IP would lead to alossin luminosity.

Figure 15 shows that if uncorrected, a pitch or yaw of more than 1urad will be sufficient to cause an observable
lossin luminosity. This degree of angular alignment would require that over the 5.5m length of each Q2a, Q2b, the
two quadrupoles have to be aigned within 5.5 x 1.0/2 = 2.75 um of each other. This high degree of precision is
unrealistic so orbit correction will be required.

Figure 16 showstwo possibleways of aigningthe Q2a/Q2b assembly inthetunne. Thetop part of thefigure shows
thefirst possibility where Q2ais aligned with the common magnetic center of Q1 and Q3. Inthiscase, dl of the orbit
correction has to be done with the dipole correctors. The bottom part of the figure shows another possibility where the
common cryostat isrotated so that both Q2aand Q2b are misaligned with other quadrupol esbut in such away that the
effect on the orbitisminimal. In thiscase, due to the compensating kicks from these quadrupoles, the beams are still
centered at the P and the required strength of the orbit correctors isweak.

4.1 Pitch

Here wewill consider the case where asingle Q2b is misaligned with respect to the Q2ain the common cryostat. First
we will examine the orbit correction that is necessary and then the maximum allowabl e pitch angle that preserves the
dynamic aperture.
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Figure 15: Relative luminosity due to a rotational misalignment of a single Q2b upstream of the IP in IR5
about the horizontal axis or pitch (left) and the vertical axis or yaw (right). No orbit corrections in either case.
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Figure 16: Two possible orientations when there is a relative misalignment between Q2a and Q2b. In the
top figure, Q2a is aligned with the common magnetic axis while in the bottom figure, the misalignment with
respect to the common axis is split between the two quadrupoles. In the latter case, the orbital effects of the
misalignments are self-compensating.
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Figure 17: Absolute strength of MCBX dipoles as a function of the relative pitch angle. Left: Only Q2b is
misaligned. The maximum corrector strength is reached at a pitch angle of about 0.45mrad. Right: Q2a is
appropriately misaligned to correct for the misalignment of Q2b. Over this range of pitch angles, the corrector
strengths are two orders of magnitude below their maximum strength.

|K4(1)| [mrad] | |K4(2)| [mrad] | |K2| [mrad] | |K3| [mrad]
No multipole errors 0.106 6.69x10~3 3.07x10~* | 6.21x10~*
Average over 5 seeds 0.106 6.58x 1073 437x10~% | 7.17x1074

Table 4: Corrector strengths required to correct a relative pitch angle of 1mrad. The first row shows the
strengths without multipole errors in the IR quadrupoles, the second row shows the strengths averaged
over 5 random errors. Maximum strength of the K2 and K3 dipoles is about 0.056mrad while the maximum
strength of K4 dipoles is 0.158mrad. This table shows that with self-compensating pitch misalignments, only
weak corrector strengths are required.

A pitch misalignment distortsthe vertical orbit. We correct for the orbits of both beams using the same correctors
as used for transverse misalignmentsin Section 2.2. Figure 17 shows the reguired strengths of the MCBX correctors
as afunction of the pitch angle when only Q2b is misaligned. The maximum pitch angle that can be corrected is about
0.45mrad before the strength of K2 exceeds the avail able strength. Figure 17 also shows the required strengths when
Qais misaligned to compensate the effect on the orbit due to the misalignment of Q2b. In both cases, the cross-
ing angle dipoles K4 are used at about their nominal strengths. Since the orbit distortionis < /3, we expect that
Ad(Q2a)/Ap(Q2b) = —+/B(Q2b)/B(Q2a) where the pitch angles A¢ are measured with respect to the common
magnetic center of the other quadrupoles. Using MAD, wefind that the effect on the orbit is minimized when the pitch
angles satisfy A¢p(Q2a) = —1.1A¢(Q2b), close to what we expect. Therelative pitch angle between Q2aand Q2b is
[Ad(Q2a)| + |Ad(Q20)|. With this setting, figure 17 showsthat the correctors are used very weskly and even upto a
total relative pitch angle of 1mrad, the strengths are about two orders of magnitude bel ow the maximum strengths.

We have corrected the orbit in the absence of multipole errorsin the IR quadrupoles. However when these multi-
pole errors areincluded, the particles are subject to additional orbit kicks and the corrector strengths change. We have
calculated the strengths required to correct arelative pitch angle of 1mrad for five different seeds of these error fields.
Table 4 shows that even with the errors, the corrector strengths do not change significantly and even a atotal relative
pitch angle of 1mrad, the strengths are about two orders of magnitude bel ow the maximum value.
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Figure 18: Orbit through the IR with pitch misalignments upstream of the IP. Top: Only Q2b has a pitch mis-
alignment of 0.5mrad. Bottom: A relative pitch angle of 0.5mrad between Q2a and Q2b.
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Figure 20: Dynamic aperture when the relative pitch misalignment between Q2a and Q2b is 0.5mrad. The
two cases shown correspond to: (i) no misalignments, (ii) the relative pitch angle between Q2a and Q2b is
0.5mrad. This figure shows that the relative misalignment of 0.5mrad does not affect the dynamic aperture

significantly.

Relativepitch: A¢ [mrad] | Average Dynamic aperture (DA) & o(p a)

None
05

112+18
111 +19

Table 5: The average dynamic aperture calculated over 3 random seeds and 16 angles in coordinate space

with and without pitch misalignments.

02a

Figure 19: The transverse distance d
between the end of Q2a and the far
end of Q2b when there is a rota-
tional misalignment between the two
guadrupoles.

Therotationa misalignment between the two quadrupoleswill be de-
termined by the precision with which the ends of the quadrupoles can be
aligned. The transverse distance between the ends, d = ltan¢ is equa
to 2.75mm assuming a magnetic length of 5.5m and a rotational angle
of 0.5mrad. The ends of the magnets can be aigned to better than this
distance so we will limit ourselves to rotational misalignments of up to
0.5mrad.

The dynamic aperture is calculated as earlier by tracking particles
over 15 anglesin configuration space over 1024 turns with aperture re-
gtrictionsat +30mm. Three random seeds are used for the multipole er-
rors. Figure 20 shows that the dynamic aperture at all anglesis not sig-
nificantly affected by a relative pitch misalignment of 0.5mrad. Table 5
shows that the dynamic aperture averaged over al angles with the pitch
misalignment is nearly the same as without.
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Figure21: Absolute strength of MCBX dipoles vs relative yaw angle. Left: Only Q2b is misaligned. The max-
imum corrector strength is reached at a yaw angle of about 0.2mrad. Right: Q2a is appropriately misaligned
to correct for the misalignment of Q2b. In this case, corrector strengths are about four orders of magnitude
below their maximum strength.

42 Yaw

A yaw misalignment (rotation about the vertical axis) distortsthe horizontal orbit the most. If thereisacrossing angle
in the horizontal plane (as is the case at IR5), then thisincreases the maximum closed orbit excursion in the triplets
beyond 7.5mm. Figure 21 shows that the maximum yaw angle that can be corrected is about 0.2mrad if only Q2b
ismisaligned. A compensating misalignment of Q2a can be used to correct for most of the orbit distortion. There-
quired misalignment A9 « 1/4/8 s0 AB(Q2a)/A0(Q2b) ~ —/B(Q2b)/3(Q2a) with the total relative misalign-
ment equal to |AG(Q2a)| +|AO(Q2b)|. Wefind, using MAD, that the orbit distortionis minimized when A8(Q2a) =
—1.08A0(Q2b). Figure 21 aso showsthat with these self-compensating misalignments, correctors are needed at very
weak strengthseven up to misalignmentsof 1mrad. Again, in both cases the crossing angle dipolesK4 are used at close
to their nominal values.

|K4(1)| [mrad] | |K4(2)| [mrad] | |K2|[mrad] | |K3] [mrad]
No multipole errors 0.104 2.80x10°° 111x107% | 2.27x10~ "
Average over 5 seeds 0.103 542x107° 1.86x10~% | 957x107°

Table 6: Corrector strengths required to correct a relative yaw angle of 1mrad. The first row shows the
strengths without multipole errors in the IR quadrupoles, the second row shows the strengths averaged
over 5 random errors. Maximum strength of the K2 and K3 dipoles is about 0.056mrad while the maximum
strength of K4 dipoles is 0.158mrad. This table shows that with self-compensating yaw misalignments, only
weak corrector strengths are required.

Table 6 showsthat even when multipoleerrorsareincluded, therequired corrector strengthsare still very weak with
arelative yaw misalignment of 1mrad.

Figure 23 and Table 7 confirm that a relative yaw misalignment of 0.5mrad does not affect the dynamic aperture
significantly.
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Figure 22: Orbit through the IP with yaw misalignments. Top: Only Q2b has a yaw misalignment of 0.2mrad.
This is the maximum possible angle before the corrector strengths are saturated as seen in Figure 21. The
orbit is corrected at the IP and at the ends but there is an orbit excursion of about 0.5mm in the quadrupoles.
Bottom: A relative yaw angle of 0.2mrad between Q2a and Q2b. Here the orbit is virtually the same as
without any misalignments.
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Figure23: Dynamic aperture when the relative yaw misalignment between Q2a and Q2b is 0.5mrad. Particles
are tracked for 1024 turns, three random seeds are used for the multipole errors. The two cases shown
correspond to: (i) no misalignments, (ii) the relative yaw angle between Q2a and Q2b is 1mrad. This figure
shows that the relative misalignment of 0.5mrad does not affect the dynamic aperture significantly.

Relativeyaw: A [mrad] | Average Dynamic aperture (DA) & o(p a)
None 112+18
0.5 111+18

Table 7: The average dynamic aperture calculated over 3 random seeds and 16 angles in coordinate space
with and without yaw misalignments.
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Rolled Quadrupole, Ay =1mrad | Av#/7 | D, (1IP)[mm]
Q1 0.024 -1.1
Q2a 0.033 16
Q2b 0.042 20
Q3 0.054 -2.6

Table 8: Minimum tune splits and vertical dispersion generated at the IP due to a roll angle of 1mrad in each
of the triplet quadrupoles.

43 Roll

If aquadrupole is rotated about the longitudinal axis so that the pole faces are rotated from the 45° axes by A, the
fields due to the rotated quadrupole are

B, = B'(ycos2Ay — xsin2Avy), B, = B'(zcos2Ay + ysin 2Aq)) (21)

The skew quadrupole field couples the motion between the two planes. This has many undesirable conseguences in-
cluding tune shifts, beating between the horizontal and vertical betatron oscillations, induced vertical dispersion and
reduced dynamic aperture. We will address these issues here.

The strength of the coupling is measured by the minimum difference between the two eigentunes. This minimum
differenceisgiven by

BafBy B'Ly

™ (Bp)
Itisproportional to squareroot of the product of the betafunctionsso rotationa misalignmentsof thetriplet quadrupol es
will have asignificantimpact onthe couplingin thelattice. Using thisexpression and thetabl e of betafunctionsin Table
A.1, we find the minimum tune splits shown in Table 8 for aroll angle of Imrad. This showsthat 1mrad roll anglein
any of thetriplet quadrupoles would give rise to an unacceptably large coupling and would require correction.

It was shown in[7] that the rel ative difference between the normal mode beta function and the usua beta function,
eg. (61 — Bs)/Be x K2, /sin[n(v, + vy)] where Ky, is the skew quadrupole strength. In this case K, o< A, S0
the beta beating depends on A2, asmall quantity. Furthermore the nominal LHC tunes (v,=63.31, v,=59.32) are far
from the sum resonance. Hence the beta beating and consequent 1oss of luminosity should be small for roll angles up
to 1mrad.

AvtIT —

Ay (22)

There is, however, a separate effect which has an im-

100 ‘ pact on the luminosity. Due to the crossing angle, the
Pl —— orbit in the crossing plane goes off-center through these
IP5 ooooeeee , ,

9% r 1 quadrupolesand coupling due to the quadrupoleroll intro-
g ol duces an offset in the transverse plane orthogonal to the
> crossing plane. If not corrected, this orbit offset at the IP
g g 1 will lead to areduction in theluminosity. Thisin fact leads
£ to a more stringent tolerance on the allowable roll angle.
§ 80 ¢ 1 Figure24 showseg. that aroll angle of 0.2mrad in Q2b
% | | issufficient to reduce the luminosity by nearly 2%. Larger

& roll angles would require correction.
70 ¢ NS A rolled quadrupol e also generates vertical dispersion
- ‘ ‘ ‘ ‘ | if the horizontal dispersion at the quadrupole location is
0 0.2 04 06 08 1 non-zero. To lowest order in Ap/p, the equation of motion

Rotational misalignment about the s axis (milli-radians) for the vertical dispersionis

B/

Figure 24: Relative luminosity due to a roll of Q2b Dy + Ky(s)Dy = Bp) 289D (23)

without any orbit corrections. The crossing angle
combines with the roll to create an orbit shift in the where B’ is the gradient of the rolled quadrupole and DY
plane orthogonal to the crossing plane. isthe horizontal dispersion at the quadrupole. Theperiodic
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solution of thisequationis

Dy {Vﬁy Wya B'La oty — iy (s) — H}DOAw (24)

sinwy,  (Bp)

The phase advance from any of the triplet quadrupolesto the IP is nearly 7/2 so the vertica dispersion generated at
thelPis

Dy(IP) = { 6@/(3)@/,(1%} DgAT/) (25)

The vertical dispersion at the P is cal cul ated with the values of the betafunctionsand dispersion givenin Appendix A.
Thevauesare shownin Table 8. In section 2.1 we showed that a dispersion of 29mm at the IPisrequired to reduce the
luminosity by 2%. The valuesin thistable are one order of magnitude smaller and therefore will have no significant
impact on the luminosity. In addition, the dispersion due to the roll angle will most likely be negligible compared to
other effects such as the feedown from skew multipoles.

The orbit shift dueto a roll angle can be corrected by the use of the dipole correctors in the IR. Figure 25 shows
that orbit shiftsdueto aroll anglein Q2b of up to Imrad can be compensated with these correctors with only minimal
use of the dipole correctors. The orbit shift therefore does not impose aredistic limit on the allowableroll.

Effects due to coupling require the use of the skew quadrupole correctors in the MCQS packages. The strength of
the difference coupling resonance v, — v, = p isgiven by the complex coefficient

Caifs = %% BBy K sk eXp[i(T/)x —thy — (Ve — Vy —p)%)]ds (26)

where K is the strength of the skew quadrupole at location s. The decoupling criterion we will use is to set the
contribution to Cy; s ¢ from the triplets on both sides of an |P to zero. Thisisaloca decoupling criterion which may
be different from the decoupling scheme (whether local or global) to be used in the LHC. Skew quadrupoles can aso
excite the linear sum coupling resonance v, + v, = p but at the nominal LHC V5.1 tunes (v, =63.31, v,,=59.32) we
may assumethat thetunesin al accesible regionsof phase space will befar from the sum resonance even after the skew
quadrupolesinthe IR are turned on. Defining the real and imaginary parts of this difference resonance phasor

R = Z /B By)i K Al cos 0 (27)

7 = Z / BuBy )i K Ayl sin 6; (28)

where the sum runs over the 8 quadrupoles in the two triplets, K;, Ay, I; are the strengths, roll angles, and lengths
respectively of theindividual quadrupoles. The phase argumentis6; = (¢, — 1)y — (V2 — vy —p) i Let 05, , 05, 1abel
the corresponding phases at the skew quadrupole correctors upstream and downstream of the | P respectively. Setting
the contributionto Cg; ¢ from theroll of the tripletsto zero requires that the skew quadrupole strengths be

1 Rsinf,, — T cos b,
K, = - —=2 o2 (29)
(\/ B By)sils: sin(fs, — 0s,)
K, = 1 Rsinfs, — 7 cosbs, (30)

(V/BeBy)ssls,  sin(Bs, —0s,)

The strengthsrequired to correct the difference resonance v, — v, = p depends sensitively on how the difference of the
horizontal and vertical phases propagatesthroughthelR. Dueto thesmall phase advance throughthe IR, theimaginary
component of thisphasor isvery small and infact can be left uncorrected. Then a single skew quadrupoleon each side
of the IP can be used to correct the real part of the phasor due to the IR quadrupoles on that side [5]. The expression
for the corrector strength then simplifiesto

1

(\/BzBy)sls cos QSR

K, =—

(31)
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Kick angle (mrad)

Quadrupole  Maximum roll dlowed At,,q, [Mrad]
Q1 79
Q2a 5.7
Q2b 4.4
Q3 35

Table 9: Maximum roll of individual quadrupoles that can be corrected with the available MCQS skew
guadrupoles. Here only a single quadrupole is misaligned at a time. These skew quadrupole strengths
are calculated by cancelling the contribution to the strength of the difference resonance from the rolled
quadrupole.
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Figure 25: Absolute strength of MCBX dipole layers vs relative roll angle. These correctors only correct the
orbit through the IP but not the coupling. Left: Only Q2b is misaligned. Up to 1mrad of roll, very little of the
corrector strengths are used. The MCBX dipole strengths are therefore not the source of roll tolerances for
Q2a/Q2b. Right: Q2a is rolled in the opposite direction to Q2b. Here the corrector strengths are essentially
zero.

As areference starting point in cal culating the phases we use the upstream end of Q3 furthest away from the IP.

The maximum gradient and length of the skew quadrupolesin MCQS are 22T/m and 0.4m respectively [8]. Us
ing these values and equation (31), we have calculated the maximum roll for each quadrupole that can be corrected,
assuming that it isthe only quadrupolethat is misaligned. Table 9 shows the values.

There are 28 different possibilitiesfor the distribution of the sign of theroll angle amongst the 8 quadrupolesin the

triplets. Assuming that thesignsare uncorrelated, thealowed rmsroll angle per quadrupoleiso,.o; = />, Az/)ﬁ"m/]\f =

2.8mrad. In practice, thiswill betoo large an rmsroll angle to alow. Operation with various machines has shown that
for the diagnostics to make sense, coupling before correction should be limited so that the minimum tune split is no
greater than 0.05. Applying thiscriterion to al sixteen high betatriplet quadrupolesin an rms sense requires that the
rms roll angle before correction should be less than 0.3mrad.

The above criterion on the allowed roll angle can be relaxed for a Q2a/Q2b pair using the principle of self com-
pensation. A relative misalignment between Q2aand Q2b can be corrected without a skew quadrupoleby splitting the
angle between these quadrupoles and rolling Q2ain the opposite direction. A caculation in Appendix B shows that
coupling effects are exactly compensated with thisscheme. FurthermoreFigure25 showsthat the orbitisal so corrected
since the required corrector strengths are negligibly small.

The dynamic aperture has been cal culated with arelativeroll of Imrad between Q2aand Q2b. Thetwo quadrupoles
wererolled in oppositedirectionsby 0.5mrad. Figure 26 showsthat the dynamic aperture with these self-compensating
rolls is about the same everywhere in configuration space compared to the case without any misalignments. Thisis
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Figure 26: Dynamic aperture when the relative rotational misalignment between Q2a and Q2b is Imrad. The
two cases shown correspond to: (i) no misalignments, (i) Q2a and Q2b are rolled by 0.5mrad in opposite
directions about the longitudinal axis. In each case three random seeds are used for the multipole errors.
This figure shows that the relative misalignment of 1mrad does not affect the dynamic aperture significantly.

confirmed by theresult in Table 10 which showsthat the dynamic aperture averaged over three seeds and configuration
space isthe same in both cases. Our results both on the coupling compensation and dynamic aperture show that equal
and oppositerolls of 0.5mrad in Q2a and Q2b have no impact on the dynamics. It is possiblethat even larger relative
roll angles may have no significant impact on the dynamic aperture but we have not confirmed this. We believethat it
should be possible to mechanically align the two quadrupoleswith areative roll of less than 1mrad.

Relativeroll: Ay [mrad] | Average Dynamic aperture (DA) + o(pa) |
None 112+18
10 1124+18

Table 10: The average dynamic aperture calculated over 3 random seeds and 16 angles in coordinate space
with and without roll misalignments. On each side of IP5, Q2a and Q2b were given equal and opposite roll
angles of 0.5mrad. There is no observable consequence on the dynamic aperture.
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5 All misalignments present

Itislikely that when the cold masses of Q2a and Q2b are placed in the common cryostat, they will be misaligned in
more than one degree of freedom. We have seen earlier that when Q2aand Q2b are misaligned individualy inasingle
degree of freedom such as to provide compensating kicks, the dipole correctors are barely used. A more stringent test
of the self compensation would be to misalign these quadrupoles in more than one degree of freedom. In this section
we will examinetheimpact of transverse offsets, pitch, yaw and roll misalignmentssimultaneoudly inall four Q2a/Q2b
pairsin the high luminosity IRs1 and 5. The orbit will be corrected within the IRs as before and we will calcul ate the
dynamic aperture. In Section 2.3 we showed that there are three ways to choose the sign of the transverse offsets [cf.
Figure 10] withinan IR. In thissection wewill choose the sign that enhances the effects of the misalignment, viz. case
(i), such that the closed orbit in the crossing plane is further away from the magnetic center of Q2b on both sides of
the IP. This ensures that alignment tolerances we derive from this study are the most conservative possible.

MAD was used to find the ratios of the misalignments in Q2a and Q2b such that their effects on the orbit are self
compensated and require minimal use of the correctors. The settings shown in Table 11 are found to be optimal .

L eft Right
Transverse offsets | Az(Q2a) = —1.05Az(Q2b) | Axz(Q2a) = —1.21Az(Q2b)
Ay(Q2a) = —1.21Ay(Q2b) | Ay(Q2a) = —1.05Ay(Q2b)
Pitch AG(Q2a) = —1.1AH(Q20) | A(Q2a) = —0.985AH(Q2b)
Yaw AB(Q2a) = —1.08A6(Q2b) | AB(Q2a) = —0.997AH(Q2b)
Roll AY(Q2a) = —Ay(Q20D) AY(Q2a) = —AyP(Q2D)

Table 11: Optimal ratios of compensating alignments of the Q2a/Q2b pair on either side of the IP. With these
settings, the dipole corrector strengths are minimized and the orbit is well corrected through the IP.

Figure27 and 28 show thecorrected orbit through I R5 with themisalignmentsshown. Itisclear from Figure 28 that
increasing the relative pitch angle to 0.5mrad increases the vertical distortion significantly. A similar statement istrue
for the effect of the yaw on the horizonta orbit in IR1. These suggest that it would be advisable to keep the pitch and
yaw misalignments around 0.1mrad. Corrector strengths required are about 1% of their maximum strengths even with
multipole errors. Appendix D shows the average strengths required with five different seeds for the multipole errors.
Itisclear that with these self compensating misalignmentsin all five degrees of freedom, the MCBX correctors can be
used to correct mainly for the misalignments of Q1 and Q3.

The dynamic aperture with all the misalignments of Q2a and Q2b has been calculated with alarger sampling, 10
seeds, of random errors. Figure 29 showsthe dynamic aperturefor the three cases described in the caption. We observe
that the misalignments do not affect the dynamic aperture significantly.

Misalignments Average DA | Average difference | Largest dropin DA
AZrer, Ayrel [mm] Ab,e, A(brel Awrel <DA> + O(DA) seed to seed over 10 seeds
Case (iii) [mrad] [mrad]
None 119+ 16 - -
10,10 01,01 1.0 119+ 16 -0.003 -04
05,05 01,01 1.0 120+ 16 0.05 -0.2
10,10 05,05 1.0 118+ 16 -0.08 -0.8

Table12: The average dynamic aperture calculated over 10 random seeds and 16 angles in coordinate space
with and without all misalignments. All four Q2a/Q2b pairs in the high luminosity IRs 1 and 5 were misaligned.
The worst case (jii) [cf. Figure 10] for the transverse offsets corresponds to those settings in which the closed
orbit is further away from the magnetic center of the quadrupole where the 3 function is larger.

Table 12 shows the average dynamic aperture for these cases and an additiona fourth case with the relative pitch
and yaw increased to 0.5mrad. The averagein all these cases isabout the same. However for thefourth case, thelargest
drop in dynamic aperture amongst the 10 seeds isnearly 1o whichissignificant. This confirmsour earlier estimate that
pitch and yaw misalignments should be kept bel ow 0.5mrad, preferably closeto 0.1mrad. Relativetransverse offsetsup
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Figure 27: Orbit through IR5 with relative misalignments between Q2b and Q2a of Az,e; = Ayre; = 1.0 mm,
Are; = Abr; = 0.1mrad, A, = Imrad.
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Figure 28: Orbit through IR5 with offset and roll misalignments between Q2b and Q2a the same as in Figure
27. Pitch and yaw misalignments increased to A¢,..; = Af,..; = 0.5mrad. Here the vertical orbit distortion
due to the pitch is significantly greater suggesting that pitch and yaw misalignments should be kept below
0.5mrad.
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Figure 29: Dynamic aperture with and without all misalignments. Particles are tracked for 1024 turns with
aperture restrictions at £30mm in the triplets located in IR1 and IR5. The average dynamic aperture and
the rms deviations over 10 random seeds for the multipole errors are shown. All four Q2a/Q2b pairs in IR1
and IR5 are misaligned. The misalignments include transverse offsets in both planes, pitch, yaw and roll.
Relative pitch and yaw of 0.1mrad, relative roll of 1mrad.

to 1.0mm and relativeroll upto 1.0mrad in all four pairs of Q2a/Q2b in the high luminosity I Rs appear to be tolerable.

6 Summary

Alignment errorsof thetriplet quadrupol escause closed orbit shiftsand have adirect impact on theluminosity. Without
any closed orbit correction for the misalignments, the tolerances for all misalignments, except longitudinal placement,
are orders of magnitude smaller what isfeasible. Closed orbit correctionsto correct for these misalignments are abso-
lutely essential.

The closed orbit shifts due to the quadrupoles Q2a and Q2b can be done in two different ways. The first would
simply use the dipole windings in the MCBX corrector packages to correct for their individua misalignments. The
maximum allowable misalignments are the values at which the full strengths of the correctors are used. Assuming that
the misalignments of the quadrupolesin atriplet are uncorrelated and al have the same tolerances, we arrive at the
tolerances shown in Table 13.

Transverse displacements | Pitch and yaw Roll
0.27mm 0.1mrad 0.3mrad

Table 13: RMS alignment tolerances with orbit correction using the dipole correctors but without self-
compensation. The rms roll angle is determined by requiring that the rms minimum tune split from all high
beta quadrupoles before correction equals 0.05.

However a more efficient way would take advantage of the fact that Q2a and Q2b would be welded together in
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acommon cryostat so the effects of a relative misalignments between these quadrupol es can to alarge extent be can-
celled by misaligningthecryostat asawhole. The desired offsetsand anglesof thecryostat would depend on therelative
misalignments and larger relative misalignments can therefore betol erated. Table 11 summarizes theratios of the mis-
alignments of Q2aand Q2b that lead to minimal orbit perturbations. With these settingsthe dipole correctorsin MCBX
are not really needed (as seen in Table D.1 in Appendix D) in order to maintain well centered collisionsat the IP.

We have examined the impact of these misalignments on the dynamic aperture. With all four Q2a/Q2b pairsin IR1
and IR5 misaligned in all degrees of freedom except longitudinal trandlation, we obtain the rel ative tol erances between
Q2a and Q2b shown in Table 14. If these tolerances are met and the common cryostat can be aigned as desired to

Transverse displacements | Pitchandyaw | Roll
0.5mm 0.1mrad Imrad

Table 14: Relative alignment tolerances between Q2a and Q2b with orbit and coupling compensation from
self-compensating misalignments of Q2a and Q2b. Dipole and skew quadrupole correctors are used at min-
imal strengths. Strictly speaking, the relative roll angle of 1mrad is not an upper bound as larger roll angles
may also not have a significant impact on the dynamics. These tolerances are calculated assuming that the
common cryostat can be aligned exactly as desired.

maintain the self compensation, there should be no significant impact on the luminosity or beam dynamics.

However there will be errorsin aigning the common cryostats to their desired positions so the self compensation
will not be perfect. The relative alignment tol erances of Q2aand Q2b therefore may need to betighter than those stated
in Table 14. Given that there are rel ative misalignments between Q2aand Q2b, we assume that during installation, the
worst case would correspond to one quadrupol e, say Q2a, being perfectly aligned with the common magnetic center and
Q2b being completely misaligned. In this case the misalignment of Q2bis not compensated at all. The orbit correctors
on either sidemust beableto correct the orbit due to misalignments (presumed uncorrel ated) of three quadrupoles. As-
suming that all have the same alignment tol erance, therelative alignment tol erance between Q2aand Q2b in thisworst
case scenario is 1/4/3AT where AT isthe appropriate tolerance from Table 13. The impact of these misalignments
may be further mitigated by the proposa to mount the IR quadrupoles on movablejacks[1] and beam based alignment
techniques.
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Figure A.1: Beta functions within the triplet quadrupoles upstream and downstream of the IP.

A Appendix: Opticsfunctionsin thetriplets

Figure A.1 shows the beta functionswithin the tripletsin the high luminosity IRs. Tables A.1 and A.2 showsthe beta
functions and dispersion respectively in the two planes at various|ocations within the triplet quadrupol es downstream

of the P,

Name

Beginning

Bz, ByIMl/ (o2, o) [mMim]
Middle

End

Q1
Q2a
Q2b
Q3

(1058.5, 1058.5)/(0.729, 0.729)
(1180.2, 3188.1)/(0.770, 1.266)
(1391.3, 4673.3)/(0.836, 1.532)
(3578.9, 2832.8)/(1.341, 1.193)

(1263.6, 1478.2)/(0.797, 0.862)
(1165.5, 4124.6)/(0.765, 1.440)
(1739.6, 4567.0)/(0.935, 1.515)
(4494.5, 2218.2)/(1.503, 1.056)

(1264.3, 2271.2)/(0.797, 1.068)
(1306.9, 4601.9)/(0.810, 1.521)
(2385.3, 3898.1)/(1.095, 1.399)
(4704.6, 2026.0)/(1.536, 1.009)

Table A.1: Beta functions at various locations within the quadrupoles downstream of the IP

Name (D.., D,)[m]
Beginning Middle End
Q1 (-0.695,0) (-0.761,0) (-0.762,0)
Q2a | (-0.737,0) (-0.733,0) (-0.777,0)
Q2b | (-0.802,0) (-0.898,0) (-1.053,0)
Q3 (-1.291,0) (-1.448,0) (-1.482,0)

Table A.2: Dispersion functions at various locations within the quadrupoles downstream of the IP
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Figure B.1: Sketch of the closed orbit of both beams in the crossing plane through Q2a and Q2b with and
without transverse offsets. The locations (2) and (5) are in the middle of quadrupoles.

B Appendix: Physical aperturewith transver se offsets

Herewewill consider thechangein physical aperture of both beams when Q2aand Q2b are offset in oppositedirections
by 0.5mm. Thereisapossiblelossof physical aperturein the case that the offsets arein the plane of the crossing angle
and we consider this case. The beam pipe radius in both Q2a and Q2b is 30mm. The closed orbit is obtained using
MAD assuming a half crossing angle of 150urad.

Beam 1
Location | Distancefrom IP | Closed orbit | Physical Aperture- aigned | Physical Aperture - with £0.5mm offset
[m] [mm] [mm] unitsof o [mm] unitsof o
1) 31.80 3.644 26.356 20.8 26.856 21.2
2 34.55 3.621 26.379 18.3 26.879 18.7
(3) 37.30 3.835 26.165 17.2 26.665 175
4 38.30 3.956 26.044 17.0 25.544 16.7
(5) 41.05 4.424 25576 16.9 25.076 16.6
(6) 43.80 5.181 24.819 17.7 24.319 174
Beam 2
Location | Distancefrom IP | Closed orbit | Physical Aperture- aigned | Physical Aperture - with +£0.5mm offset
[m] [mm] [mm] unitsof o [mm] unitsof o
(1) 31.80 5.988 24.012 19.0 23512 18.6
2 34.55 6.811 23.189 16.1 22.689 15.8
(3) 37.30 7.194 22.806 15.0 22.306 14.7
4 38.30 7.250 22.750 14.8 23.250 15.2
(5) 41.05 7.167 22.833 151 23.333 154
(6) 43.80 6.622 23.378 16.7 23.878 171

Table B.1: Physical aperture of both beams with and without transverse offsets of +0.5mm in the plane of
the crossing angle.

Table B.1 shows that the physical aperture increases in one quadrupole and decreases in the other quadrupole for

both beams. Thelargest reductionin physica apertureisabout 0.40 whichislessthanthe 1o loss considered acceptable
[1].
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Figure C.1: Transfer matrices from a Q2 pair on the left of the IP to the Q2 pair on the right.

C Appendix: Removal of local coupling by oppositerotational angles

Roll of one of the triplet quadrupoles produces significant coupling due to the large 8 functions. Here we show that
the coupling caused by aroll angle ) in Q2b may be exactly compensated by an oppositeroll angle of - in Q2a. We
demonstrate this by proving that the off-diagonal terms of the transfer matrix vanish.

We will assume zero phase advance between the Q2a and Q2b forming apair. If Q2aand Q2b ontheleft in Figure
C.1arerolled by angles g%, ¢F respectively, the transfer matrix M., between the pair is

1 0 0 0
My, = | % (cos(2¢£()) + cos(2yf)) (1) —qo (sin(2¢£% + sin(24f)) 8 (1)
—q2(sin(20) +sin(2yy)) 0 ga(cos(2yf) + cos(2¢y)) 1

where ¢, istheinverse focal length, assumed equal for both quadrupoles. Locally coupling is removed if ¢f = —L
but thereisasmall change in focusing given by (1 — cos 21))gs ~ O(1?).
The phase advance between Q1 upstream of the |P to the Q1 downstream is assumed to be 7. The transfer matrix
M, between these quadrupolesis
My, =—-1

independent of the strength of Q1. M, g, the transfer matrix between the Q2 pair on the right, is similar to M, but
with the sign of ¢» changed.
The transfer matrix M over the section shown in Figure C.1is M = MyrM; Moy, and isexplicitly given by,

-1 0 0 0
- —qa(cos(29F) + Cos(2w5’3 — cos(29L) — cos(2¢F)) —01 1\3411 8 (C2)
g2 (sin(2¢L) + sin(2¢F) — sin(29F) — sin(24)) 0 —My -1

This transfer matrix and hence that of the entire ring isinvariant under theroll anglesif
cos(2¢p2) + cos(2957) — cos(20F) + cos(2YE) = 0 (C.3)
sin(20F) 4 sin(29L) — sin(24%) —sin(24f) = 0 (C.4)

This can be done by choosing e.g.

Ve = vy =y (C5)
v =~y Yo ==y (C6)

If werequirethat the change in focusing vanishidentically, equation C.5 must hold, i.e. both Q2a quadrupolesmust be
rolled in the same direction and by the same amount and similarly for Q2b. If we only requirethat the coupling vanish,
then it is sufficient to fulfill only equation C.6, i.e. the Q2 pair on each side must be rolled by equal and opposite
amounts.
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D Appendix: Dipole corrector strengthswith all misalignments

The corrector strengths required when all four Q2a/Q2b pairsin IR1 and IR5 are misaigned with transverse offsets,
pitch, yaw and roll anglesare shownin Table D.1. Thevaluesshown areaveraged over 5random seedsfor themultipole
erors.

Corrector IR1 IR5 Max. value [mrad]
Left Right Left Right

K2 0.876E-5 0.108E-3 | 0.383E-3 0.253E-3 0.56E-1

K3 0.876E-3 0.109E-3 | 0.528E-3 0.944E-4 0.56E-1

K4[hkick] || 0.907E-3 0.370E-3 | 0.104 0.0506 0.156

K4[vkick] 0.0489 0.105 | 0.140E-2 0.146E-2 0.156

Table D.1: IR corrector dipole strengths required to correct the orbit with relative misalignments of Q2a, Q2b
equal to Az, = Ayprer = 1Mm, Aoy = Ab,; = 0.5mrad, Av,.; = 1.0mrad. The corrector strengths shown
are the averages over 5 random seeds for the multipole errors. The strengths have the same sign in each
case and the variations about the averages are small. The labelling of the correctors is shown in Figure 4.
It is evident that with the self-compensating misalignments of each Q2 pair, the correctors are used at very
low strengths.

From the values shown in thistable, it is clear that the K4 dipoles required to create the crossing angle stay at
close to their usual values whilethe other dipoles K2 and K3 are required at less than 1% of their maximum strengths.
These dipoles K2 and K3 in the MCBX corrector packages can therefore be used to primarily correct the orbit due to
misalignments of the Q1 and Q3 quadrupoles.
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